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Project Introduction

Goal:

— Improve the understanding of high voltage breakdown in inorganic dielectric capacitors.

— This project will investigate alternative materials and structures to significantly enhance
the reliability of capacitors.

Issues:
— Capacitors are critical for voltage source converter functionality.
— DC-link capacitors are known to have reliability issues.
— High capacitance density is needed for power conversion systems used in grid storage.

Approach:

— Improve understanding of the dielectric breakdown of thin-film ALD (atomic layer
deposition) Al,O; capacitors.

— Determine the impact of a thin layer of ALD Al,O; between a cold sintered ceramic material
and the electrode material to minimize the chemical interaction of the materials at high
operating temperature.

— Develop a time-dependent dielectric breakdown measurement system to measure 256
capacitors simultaneously at elevated temperature to provide statistically relevant data.

Acknowledgement:
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Project plan

Proposed research

Fabricate thin film Al,O; capacitors using atomic layer deposition and sputtering

Measure dielectric breakdown as a function of capacitor size to determine extrinsic defects
(5 um to 5000 um diameter capacitors)

Measure dielectric breakdown as a function of dielectric thickness to determine intrinsic
defects ( 1 nm to 100 nm thickness)

Use physical characterization techniques to determine impact of electrode roughness and
microstructure on the initiation of dielectric breakdown

Compare thin-film Al,O; capacitors with ceramic capacitors with regards to breakdown
characteristics

Deliverables

Manuscript on the results of the study on Al,O,
Fabricate thin film Al,O, capacitors using atomic layer deposition and sputtering

Milestones

Determine breakdown voltage as a function of film thickness (6 months)
Determine breakdown voltage as a function of temperature (12 months)
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e ALD is intrinsically uniform and conformal
e Deposition can be done at low temperature

* Al O, is thermally and chemically stable
— Thin film Al,O; stays amorphous to >700°C!
— Thin film AL, O, has good barrier properties?
 Al,O;has excellent dielectric properties?
— k~8
— Low leakage current
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EH3 ALD Alumina Deposition
7
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Thickness, nm

 Trimethyl aluminum precursor
 Vapor pressure of 30 Torr at wAlumina deposition rate is 0.8 A/cycle
O T T T T T

room temperature 0 50 100 150 200 250 300

Number of Cycles

Deposition Conditions:
- Substrate Temperature: 250°C
- 0.2s TMA pulse, 4s exposure, 10s purge
- 0.2s H,0 pulse, 4s exposure, 10s purge

Ultratech / Cambridge Savannah 100 ALD tool


http://en.wikipedia.org/wiki/Image:Trimethylaluminum.png
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Capacitor Fabrication Process

Electrical probes for |-V measurements ) )
Ti/ Au deposited by e:beam

evaporation
Sample Cross Section when finished

Al,O5dielectric deposited by
Atomic layer deposition (ALD)

TiN bottom electrode /
Deposited by sputtering

Si wafer substrated
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Effect of thickness of Al,O; on
Leakage Current and Breakdown Voltage
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Al,O; films between 10 and 25 nm thick provide low enough leakage current
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/ breakdown voltage

10.6 nm Al,O, 25.7 nm Al, O,

106 10.66nm Al,O3, Annealed at 300°C, 50um Diameter |-V Breakdown 108 25.71nm Al,Og, Annealed at 300°C, 300um Diameter |-V Breakdown
< i i <
< : ; <
= 300 °C =
- S R T 2
3 73
a 2
g : : g
a - = 3
T T T T T
10 12 14 16 18 20
Voltage (V)
106 10.66nm Al,O3, Annealed at 700°C, 50um Diameter |-V Breakdown
& j -
s ‘ s
< : <
z ‘ 2
2 i 3
c H c
] ]
g ; g
g : g
T T T T \ T T T T
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Voltage (V) Voltage (V)

Annealing at >300 °C improves leakage current and breakdown distribution
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200 nm Cu ¢ 200°C for 30 min. on 50 nm Al,O,

* Next experiments
e Thinner films (10 — 25 nm)
» Higher temperatures (300°C - 400°C)
* Longer times

No change in leakage current No change in capacitance
-11
—a— before post-metal deposition annealing 1.4x10™" 1 " .
5 —=— after post-metal deposition annealin —=— before post-metal deposition annealing
9.0x10 . —e— after post-metal deposition annealin
8.0x10” A i
o 7 01 I\ ~1.3x10™
£ [ =
S 6.0x107 9
< oxto” [ e
? 5.0X:|.0-7 / \ fg 1-2X10»11
g 40x10 [ i Fessosesseereoaiyy
-7
2 3.0x1077 . / \ - % -
o 2.0x10 - -% )\- . - O 1.1x10
5 10X107 ] | | K/ ] = }\ u "
© 0.0 / -y ng " Em L |
u N
-1.0X10-7 T T T T T :I..OX:I.O-].:l
0 2 4 6 8 10 4 2 0 2 4

Bias (V) Bias(V)



S I\ /l []|5E SCHOOL Temperature
« | OF ENGINEERING .
controlled time
Operating characteristics dependent dielectric
* National Instruments / Labview control breakdown system

e 250 capacitor capacity
e Up to 600V breakdown measurement
e Up to 200°C measurement temperature

Relay: National Instruments PXI-2567 64-Channel Relay x4
Oven: Despatch Industrial Oven, Model LAC1-38, Max. Temp 260°C
Switch Matrix: National Instruments NITB-2633 4x64 Matrix Terminal Block

DC Power supply: National Instruments RMX-4217, 0-650V / 7A 1500W

DMM: National Insrtuments PXI-4065 6% digit
vitch Matrix

® o |-

DC Power supply _
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* ALD Al,O, process demonstrated

e 10 nm - 25 nm thick films provide good breakdown and
leakage current characteristics

* Initial diffusion barrier results look encouraging

Upcoming work - 2019

e Determine diffusion coefficient of copper in thin-film Al,O,
at 175°C

* Determine the impact of thin-film Al,O; deposited on

BaTiO; on the electrical characteristics of thick film BaTiO,
capacitors
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Thank youl!



